The role played by the trunk in gait is relatively unexplored in the literature. Considering that the upper body makes up two third of the body weight and to look at its role as being purely passive is a puzzling hypothesis. This paper investigates the postural strategies to adapt to walking on an inclined surface. Results show that after heel strike the upper body tends to rotate slightly backward over the stance leg to absorb the impact following heel strike, followed by mostly forward swaying, causing horizontal accelerations of the trunk. The fluctuation of the leg length is decreasing at the beginning of the step then increases at the end. This can be explained by the contraction of the muscles and the flexion of the knee and the ankle before push off and at heel strike. Further, the stance leg behaves like an inverted pendulum swinging about the stance foot for most of the step period. The upper body has a role during walking on slope. The torso leans down on the slope to help propel the body forward.
Introduction
"The control of the pelvis and trunk is important to achieve smooth locomotion and maintain body equilibrium during gait. The pelvis and trunk, which represent a large portion of the body mass, have to interact with the lower limbs to accomplish efficient gait", [1, 2] . Although the upper body makes up about two thirds of the weight of the body its motion in most works is considered to be passive. The role of the trunk in gait is relatively unexplored. Recent studies did draw attention to the role of the upper body. K.M. Jackson [3] , argues that the upper limb movement is n to pro u smoot lo omot on M l orzata Syczewska, Tommy Öberg, and Dan Karlsson [4] investigated the segmental movement patterns of the spine during normal treadmill gait. The normal patterns of the spine segment movements were found in the sagittal and the frontal planes. They r port t t "the behavior of the spine can be described as the motion of a stiff element with superimposed small, inter-segmental movements. These small inter-segmental movements were found both in the sagittal and the frontal planes", [4] . They concluded that "the small intersegmental movements could play an important role in the reduction of the energy consumption during gait and in maintenance of the equilibrium", [4] . In another study [5] ; Alain Leroux, Joyce Fung, and Hugues Barbeau investigated the postural strategies to adapt to uphill and downhill treadmill inclination during walking and standing. The study found that, "In r s n t tr m ll grade from 0 to 10% induced an increasingly flexed posture of the hip, knee and ankle at initial foot contact as well as a progressive forward tilt of pelvis and trunk. These postural changes were accompanied by a progressive decrease in pelvic lateral drop toward the swinging limb and a gradual increase in step length as the up ll slop b m st p r" [5] . In another study [6] Stephen D. Prentice et al. concluded that steady state walking on an inclined surface (treadmill) has been characterized by a forward inclination of the trunk that is proportional to the angle of tilt of the slope. They concluded that this adaptation is in response to the increased postural and propulsion demands associated with the change in the slope. Andrea N. L., Chris J. H., and Robert J. G.; concluded in their study [7] that gait changes were "consistent with the need to raise the limb for toe clearance and heel strike and to lift the body during upslope walking", and that "during upslope walking the ankle joint was dorsiflexed for most of stance due to the incline and resembled the level walking angle only in early swing. During upslope walking knee flexion increased at heel strike, followed by increased knee extension during midstance to lift the body up the incline" [7] . In their view the increases in support mom nt w r "pr om n ntly u to t ncreasing hip extensor moment during upslope walking, and to the increasing knee extensor moment during downslope w lk n " [7] . In addition, the hip and knee joint moment patterns showed significant differences from the patterns observed during level walking. In another study [8] the effect of sagittal trunk posture on the gait of able-bodied subjects was examined. Arguing that "understanding the effect of trunk posture on gait is of clinical interest since alterations in trunk posture often occur with age or in the presence of spinal pathologies, such as lumbar flatback", [8] . S. Gracovetsky in a number of studies [9] [10] looked at the role played by the lumbodorsal fascia in walking. He argues that the spinal movements are needed; and it is shown that the lumbar spine is a key structure in walking. Roboticists also looked at the role that the upper body can play in enhancing the movement of their robots [11] [12] [13] . The aim of the current work is to explore the possibility of using simple models (like the ones used in [14] [15] [16] ) to study the role played by the upper body during specific tasks (in the present reported work walking up an inclined surface).
Mathematical Model and Problem Formulation
The body is made up of a hip of mass mH at a position (xH,yH) at time t, and a trunk of mass mT at a position (xT,yT). The trunk is modulated via a torque τ between the stance leg and the trunk. It is assumed that the legs are massless. The fluctuations of the leg length q(t) due to flexion of the lower joints, namely, hip, knee and ankle are incorporated in a single telescopic axial actuator that carries a compressive force F(t). The leg has a maximum allowable leg extension, such that
where R is the nominal length of the leg. It is assumed that during the stance phase, the foot in contact with the ground does not slip, and at most one foot can be in contact with the ground at any given time, and that there is no flight phase. The left and right legs have identical force and length profiles.
Figure 1 A Schematic of the model used
A gait is characterized by the position and velocity of the hip mass and trunk mass, by the step period and by F(t) and the torque τ(t) and the maximum allowed leg extension. Fig. 1 , L is distance from hip to the center of mass of the torso, and g is the gravitational constant. To reduce the number of parameters scaling was used. Scaling shows its effectiveness in gait analysis [17] and meant that the equations are not anymore belonging to any dimension thus the person could be treated as an ensemble of ratios.
After scaling the equation of the model using, The above constraints are valid for level walking, for walking on an inclined surface the constraints will be modified slightly.
Simulation Results

Level Walking
A simulation with
been done. For each V and D within the range of walking velocities and step lengths respectively, multiple optimizations runs, each one started with different initial conditions and converges to a unique solution which determines the optimal gait for this speed and step length. Fig. 2 and Fig. 3 shows the swaying of the torso versus normalized time (time starts after heel strike) for different velocity and step lengths. Fig. 2 and Fig. 3 show that after heel strike the trunk tends to rotate slightly backward over the stance leg to absorb the impact following heel strike, followed by mostly forward swaying, causing horizontal accelerations of the trunk. These coordinated motion of trunk rotation, (and probably arm and head) and leg swing, causes the upper body to oscillate in a rhythmical and cyclic way. It is noted as per Fig.2 that as the speed increases the rate of leaning forward of the trunk increases. If the speed is kept constant the rate of leaning forward decrease as the demanded step length increases, so as to allow the biped to have a longer step by slowing it down. The fluctuation of the leg length is decreasing at the beginning of the step then increases at the end. This can be explained by the contraction of the muscles and the flexion of the knee and the ankle before push off and at heel strike [19] . Further, the stance leg behaves like an inverted pendulum swinging about the stance foot for most of the step period.
Figure 4 Fluctuation of the non-dimensional leg length
The force profile shows a similar trend as that of the fluctuation of the leg length. The cost of transport is better at lower speeds as seen in Fig. 5 this agrees with previous findings [20] . The cost of transport increases with the step length as reported in [21] . 
Up Slope Walking
For slope walking optimizing with piecewise constant toque/force for V=0.5 and D= 0.5 gives the results shown in Fig.6-Fig.7 . After heel strike the trunk tends to rotate slightly backward over the stance leg to absorb the impact followed by mostly forward swaying, causing horizontal accelerations of the trunk. This variation is depending on the slope. So, as the slope is increased, the motion of the torso becomes more apparent. The upper body has an effective role during walking on slope. The torso leans down on the slope to help the motion of the person. The amount of leaning forward by the trunk is proportional to the slope [5] It is reported in experimental results in [5] that walking upslope was characterized by an increased flexion from the three lower limb joints from mid-swing to early stance. This increase in flexion was proportional to the slope increasing as slope increased, similar results are observed in this study as seen in Fig.7 .
Conclusion
Trunk motion plays an important role in walking. Its kinematics has been associated with age-related changes and with maintenance of dynamic stability in elderly individuals. Trunk motion is of large clinical interest, in patients with spinal pathologies, Parkinson or cerebral palsy diseases, however, trunk role in walking has not attracted much attention; because this motion is relatively small and is generally thought to be passive. The central aim of this on-going work is to use optimization to predict and explore the significance role that the trunk has in walking especially when walking uphill or downhill or when speeding up or slowing down. 
